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Fruit microstructure determines mechanical and transport properties of tissues. This calls for geometric
characterization and representation of fruit tissue components. In this paper, three important compo-
nents of fruit cortex tissue, cell wall, pore network and cells were modeled in 3-D. These components
were explicitly defined based on the information gathered from synchrotron X-ray computed tomogra-
phy and transmission electron microscopy. The cells were modeled based on a novel ellipsoid tessellation
algorithm, producing also 3-D void structures in small fruit cortex sample volumes. The cell wall thick-
ness was determined from TEM images using digitization procedures. The resulting geometry models
compared well to the tomographic images. The method has the significant advantages of, one, producing
models that are easy to use in computer aided design software for multiscale mechanics and mass trans-
fer, and two, providing a framework for virtual tissue generation, including cell growth modeling. Fur-
thermore, the solid modeling approach avoids many problems of finite element meshing existing today.
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1. Introduction

Transport phenomena and mechanical deformation in plant tis-
sues during food processing can be modeled using a model geom-
etry assuming the plant tissue as a capillary-porous material
consisting of liquid and gas phases (cells and intercellular spaces)
and a solid matrix (the cell wall) (Lewicki and Pawlak, 2005).
Therefore, in modeling a fruit structure to perform in silico experi-
mentation, these three principal components should be defined
and modeled precisely microscopically.

Fruits are composed of tissues that are anisotropic, heteroge-
neous, non-continuous and complex biological systems extending
over nanoscopic to macroscopic length scales. The interconnection
of neighboring protoplasms in tissues creates a continuous liquid
network known as the symplast (Lewicki and Pawlak, 2005). The
cell wall composed of mainly polysaccharides such as cellulose,
hemicelluloses, pectin and lignin, along with proteins is the pri-
mary structural component of plants (Zhong and Ye, 2007). The
perception of plant cell walls has evolved rapidly from early
descriptions of inert, somewhat featureless boxes, to a currently
accepted view of intricate highly dynamic structures with substan-
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tial spatial and temporal variation in architecture and composition
which resist both physical stresses and diseases (Lee et al., 2004;
Jackman and Stanley, 1995). The networks of intercellular spaces
form channels for gas transport needed for the respiratory metab-
olism. Verboven et al. (2008) measured 3-D void fraction and
microscopic fruit structure in apple and pear by means of synchro-
tron radiation computed tomography. Intercellular spaces make up
a significant fraction of a fruit ranging from 1% to 25% (Chaplain,
1993; Verboven et al., 2008). Even higher porosity values have
been reported for apple cultivars such as Cameo (32%), Kanzi
(28%) and Greenstar (28%) (Mebatsion et al., 2006a), based on 2-
D micrographs. The volume of air space increases during fruit
growth and occupies a considerable proportion of the fruit at har-
vest (Harker and Ferguson, 1988; Yamaki and Ino, 1992).

The porous structure of the tissue favors the action of hydrody-
namic mechanisms in the pores due to capillary pressure and im-
posed or generated pressure gradients and diffusion in non-
compartmented volumes such as intercellular spaces (Celia et al.,
1995; DraZeta et al., 2004), or cells with denatured membranes.
In plant organs, the gas filled intercellular spaces are the predom-
inant pathways for gas transport (Kuroki et al., 2004; Mendoza
et al., 2007). The volume of these intercellular air spaces continues
to increase during fruit growth increasing the gas diffusion rates
(Rajapakse et al., 1990; Ho et al., 2006). The cell wall allows the cir-
culation and distribution of water, minerals, and other small nutri-
ent molecules into and out of the cell via cell-to-cell interactions
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(Chaplain, 1993). The symplast also involves in intercellular trans-
port phenomena through plasmodesmatic actions (Denison, 1992).

Mebatsion et al. (2008a) reviewed the current state of the art in
modeling tissue microstructures. What is currently lacking is a
method to model the 3-D configuration of cells, cell walls and
intercellular spaces in fruit tissues. With the recent breakthrough
availability of accurate 3-D images of microstructures (Verboven
et al., 2008), models can now be developed. This paper presents
the application of a new modeling approach, based on tesselation
algorithms (Mebatsion et al., 2008b) to model and quantify the dif-
ferent structural components of fruit cortex tissue, the major tissue
of bulky fruit organs.

2. Materials and methods
2.1. Fruit

Pears (Pyrus communis cv. Conference) were harvested on Sep-
tember 13th, 2006, at the experimental station Fruitteeltcentrum
(Rillaar, Belgium). Apples (Malus x domestica Barkh cv. Jonagold)
were picked on September, 25th, 2006, at the experimental station
PCFruit (Velm, Belgium). All fruit were cooled and stored under
controlled atmosphere conditions (2.5 kPa O, 0.7 kPa CO, —1 °C
for pear; 1 kPa O,, 2 kPa CO, —0.8 °C for apple).

2.2. Synchrotron radiation X-ray tomography of apple and pear cortex

The sample preparation and tomographic image acquisition
procedures for pome fruit tissues outlined in Verboven et al.
(2008) were employed. Cylindrical samples of 5 mm diameter
and 1-2 cm length were removed from the different tissues of
the fruits using a cork bore in the radial direction on the equator
of the fruit. The samples were mounted in a polymethyl methacry-
late tube and covered with polymer foil to avoid dehydration. Syn-
chrotron X-ray CT of pear and apple fruit tissues was performed at
the European Synchrotron Radiation Facility (ESRF), Grenoble,
France. Beamline ID19 with a distance between the sample and
camera of 35 mm was employed. Phase contrast images with a
voxel size down to 700 nm were obtained. 2-D images were taken
from different angular position over 180° of the sample in the basic
process of microtomography. Tomographic reconstruction was
performed with a filtered back projection algorithm using PyHST
(ESRF) software. As a result, a series of slices that give detailed
structural information about the 3-D nature of the material is ac-
quired. Using phase contrast mode (Cloetens et al., 1999), this
method allowed for the first time to clearly visualize micropores,

B

individual truncated ellipsoidal cells and cell walls, and their 3-
dimensional connectivity. Fig. 1 shows tomographic slices of apple
and pear parenchyma cells in the cortex. As can be seen in the fig-
ure, at 700 nm/pixel resolution it was possible to distinguish be-
tween the cells (elliptical shapes), the intercellular spaces
(irregular darker regions between cells) and the cell wall between
adjacent cells. Cell and void space separation on synchrotron
images was performed manually in Avizo 5.0 (Mercury Computer
Systems, Bordeaux, France). Six samples per fruit were analyzed
to compare the geometrical characteristics of apples and confer-
ence pear tissue.

2.3. Transmission electron microscopy

While phase tomography allowed visualization of the 3-D posi-
tion of cell walls in the tissue, the resolution was insufficient to
measure cell wall thickness. Transmission electron microscopy
(TEM) was used to further enhance resolution on separate samples
for cell wall thickness estimation. New apples and pears for TEM
were randomly chosen from storage containers under controlled
atmosphere conditions (1% O, 2.6% CO, at 1 °C and 96% RH) stored
for five months. The fruits were sliced into half and cylindrical
samples were obtained from the cortex using a metallic bore. Very
thin circular slices of about 1 mm thick were taken from these cyl-
inders. The samples were immersed in 400 pl glutaraldehyde fix-
ative solution (2% 0.16 M sucrose in 0.06 M sodium cacodylate
buffer, pH 7.4). The samples were kept under vacuum to pump
the air out for about 15 min. Samples were then let at room tem-
perature for about 24 h. Then, the fixation solution was carefully
removed and replaced by buffer solution.

Samples passing through the initial treatment procedure were
then post-fixed by osmium oxide in the same buffer, and dehy-
drated in a graded acetone series. They were then embedded in
araldite. Semi-thin sections for light microscopy with a thickness
of 5 um were made with a Reichert Ultracut E microtome. Finally,
cubic samples of about 1 mm side were obtained. Five samples per
fruit were used for the analysis. Double stained thin sections with a
thickness of 70 nm were examined in a Zeiss EM900 electron
microscope. Chemicals and procedures for sample treatments were
obtained from the Laboratory for Entomology of the K.U. Leuven,
Leuven, Belgium.

Ultrastructural cell wall images were obtained using photo-
graphic plates. Using a digitizing procedure on the images in Mat-
lab (The Mathworks, Natick, MA), the local and the mean cell wall
thickness was determined (Fig. 2). We assume that averaging over
a large number of samples resulted in a minimal error due to the

Fig. 1. Synchrotron radiation tomography: phase contrast slices of the fruit cortex of apple (cv. Jonagold, left) and pear (cv. Conference, right); cell walls are brightly

highlighted (indicated by arrows).
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Fig. 2. Cell wall visualization in TEM (left) and local thickness measurement using the Matlab based digitization procedure (right) on the TEM image.

varying intercept angle of the section with respect to the plane of
the cell wall. Cell wall thickness was 1.67 £ 0.71 um for apple and
0.77 £0.51 pm for pear.

2.4. Digitization and ellipsoid tessellation algorithm

In the tomographic images, the differences in contrast between
the pore space, the cell walls and the individual cells were too
small for direct threshold segmentation (Verboven et al., 2008).
Therefore a digitization procedure was implemented. The digitiza-
tion was carried out manually using an in-house Matlab (The
Mathworks, Natick, MA) based program. The coordinates of indi-
vidual cells across a series of slices were estimated after the trans-
formation of digital images to representative polygons defined by
points on the natural boundaries of the cells. Once the three-
dimensional coordinates of individual cells were established, ellip-
soids that fit these sets of points were generated using a Least
Squared Fitted Ellipsoid (LSFE) algorithm developed by Mebatsion
et al. (2008b). Once LSFEs of individual cells were determined, the
model tissue geometry was generated from the ellipsoids, which
were truncated when neighboring volumes overlapped. As a result,
as many truncated ellipsoids as there are cellular images were gen-
erated producing a virtual tissue that is representative of the fruit
microstructure (Mebatsion et al.,, 2008b). Both digitization and
ellipsoid tessellations were carried out with dedicated Matlab
(The Mathworks, Natick, MA) routines. Fig. 3 shows the digitization
and the LSFE procedures.

2.5. Geometry reconstruction of cells, intercellular spaces and cell walls
Individual ellipsoids representing individual cells of the tissue

matrix were exported to ANSYS (ANSYS Inc., Canonsburg, PA) from
the Matlab programming environment via interfacing Matlab code.

Matlab ellipsoid surface geometries were converted into standard
IGES file format. Truncated solid ellipsoids resulted in aggregate
cells consisting of non-overlapped volumes. The symplast was
determined by the intersection of the total volume of the recon-
structed region and the individual truncated ellipsoids. The inter-
cellular spaces were determined from subtracting the symplast
(Vs) from the total volume. The cell wall network was the collection
of individual cell walls, which were obtained from subtracting
shrunken ellipsoids from the original volumes, using the average
cell wall thickness obtained from the TEM analysis.

3. Results
3.1. Geometric models of the fruit cortex

The modeled 3-D tissue architecture of apple and pear cortex
samples is compared with the original synchrotron images (manu-
ally segmented into separate cells) in Figs. 4 and 5, respectively.
The position, global shape and size of cells is matched accurately.
We correctly find smaller cells in a denser pattern in pear cortex,
compared to that of apple. The model is based on ellipsoids; there-
fore the cells appear smoother than in reality.

Based on the modeled cells, the void space was easily seg-
mented from the total volume of the sample. The results of a single
sample are compared to the void space in the original tissue
images of apple and pear in Figs. 6 and 7, respectively. The differ-
ences in shape and size of voids between fruits are apparent in
both model and reality: apple voids are large cavity structures,
while in pear we find a network of small channels with throats
as small as a few micrometers. As with the cells, the real pore space
has a more distorted shape than modeled caused by the smooth
sphericity of modeled cells. However, the connectivity of the void

Fig. 3. The digitization of tomographic images (a) and the corresponding Least Squared Fitted Ellipsoids (LSFEs) (b).
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Fig. 4. Modeled (a) against measured (b) 3-D geometry of apple cortex cells. Sample dimensions were 315 x 315 x 168 pm.

a

Fig. 5. Modeled (a) against measured (b) 3-D geometry of pear cortex cells. Sample dimensions were 315 x 315 x 168 pm.

a b

Fig. 7. Modeled (a) against measured (b) void space in a pear cortex sample. Sample dimensions were 315 x 315 x 168 pum.

volumes was similar in measured and modeled samples. In the 3.2. Structural characteristics of cortex tissue

sample shown in Fig. 6, we find three large separate void volumes.

For the pear sample in Fig. 7, apart from small isolated volumes at The cumulative fractions of the real and modeled cell volumes
the edges of the sample, the entire void space is connected in a net- in the apple and pear cortex tissue samples, which were discussed
work pattern. above, are compared in Fig. 8. We found more and smaller cells in
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Fig. 8. Cumulative volume fraction of cells in cortex tissue samples of
315 x 315 x 168 um: solid symbols, measurement; line with symbols, model.

pears (36 against 16), and the distributions of real and modeled
samples coincide very well. Note that these distributions include
cut cells at the surfaces of the sample, and are therefore biased to-
wards small cells. From the curves in Fig. 8, we can also calculate
that the void fraction of the shown apple sample was 19%, the pear
sample consisted only for 8% of voids. The corresponding values
obtained from the models were smaller: 12% for apple, 6% for pear.
The average void fractions of the different modeled apple and pear
cortex tissue samples were determined to be 15.0+9.2% and
11.1 £ 2.5%, respectively.

In Fig. 9, we present the probability density functions of the
modeled cell volumes over the total of 6 samples that were mod-
eled. The apple cortex contains larger cells whereas the pear cortex
contains lots of smaller cells. These distributions include cut cells
at the surface of the samples, and are therefore biased to small vol-
umes. The mean volumes of apple and pear parenchyma cells were
calculated to be 6.39 +7.76 x 10°> pm? and 2.42 +3.18 x 10° pm?,
respectively; this corresponds to an apparent mean diameter of
107 and 77 pm for apple and pear cortex, respectively. There was
a significantly larger range of apple cell sizes than that of pear.
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Fig. 9. Probability density function of modeled cell volumes (in um) in apple and
pear cortex tissue. Weibull distributions were fitted to the data for ease of
comparison (Mebatsion et al., 2006). These distributions include cut cells at sample
edges, therefore are biased towards smaller volumes.

The topological variation of the fruit tissues can be defined in
terms of the number of first neighbors, also termed coordination
number (Mebatsion et al., 2008b). The coordination numbers were
2.95+1.97 and 4.31+2.13 for apple and pear cortex tissues,
respectively. The coordination number distribution is presented
in Fig. 10. Clearly, the average coordination number of the larger
apple cells is smaller than that of the pear cells.

3.3. From geometry model to a physical model of tissue

Figs. 11 and 12 present the modeled geometry of cortex tissue
samples of apple and pear fruit, respectively, distinguishing the
3-D void space, cell walls, and symplast. Here we made use of
the TEM analysis of cell wall thickness to shrink individual cells
and obtain the cell wall network. Thicker cell walls appear in apple,
as measured by TEM and apparent on the synchrotron images of
Fig. 1. These are the first realistic geometrical models of the 3-D
fruit microstructure that can be used in a computational frame-
work, to our knowledge. The geometric models were exported into
a finite volume mesher to create a computational mesh consisting
of 6,539,231 tetrahedral elements as shown in Fig. 13; The zoomed
view shows that excellent mesh quality is possible in the cell walls
and at phase interfaces.
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Fig. 10. The coordination number distribution of apple and pear parenchyma cells
in modeled cortex samples. Logistic distributions were fitted to the data for ease of
comparison (Mebatsion et al., 2006).

Fig. 11. Complete microstructure model of an apple cortex tissue sample. Sample
dimensions were 315 x 315 x 168 um.
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Fig. 12. Complete microstructure model of a pear cortex tissue sample. Sample
dimensions were 315 x 315 x 168 pum.

Fig. 13. The geometric model of apple parenchyma tissue (Fig. 11) in finite volume
environment (ICEM, CFD) (a) and zoomed view of the cell wall (b).

4. Discussion

We obtained models of the microstructure of tissue in a format
that can be used directly in computer aided design and engineering
software, such as finite element and computational fluid dynamics
programs. The different components can easily be assigned to dif-
ferent physical models to compute mechanics and mass transport.
The advantage of the ellipsoid tessellation method is that small
irregularities are avoided in the final model and smoothed geome-
try models are obtained with similar microscopic and lumped
characteristics as the real tissue.

Unstructured finite element meshing of the solid model geom-
etry was feasible. Unstructured tetrahedral meshing is preferred
over regular meshes, that use one element per voxel and which
are limited in accuracy to the voxel size of the original images.
Mesh refinements and coarsening can be achieved more easily in
our approach, than with voxel/element meshing methods already
available (Maire et al., 2003). Available advanced meshing methods
to avoid problems with excessively large voxel/element meshes in-
clude sub-resolution meshing, parallel computing and techniques
based on Fast Fourier Transform. Sub-resolution meshing has the
important drawback of causing loss of cell architecture (Maire
et al., 2003). Parallel computing requires dedicated code (Barbe
et al., 2001). The last method has only been applied to mechanical
problems so far and convergence problems have been reported
(Maire et al., 2003).

Because ellipsoid tessellation is an approximate method, the
real geometry cannot be matched exactly. We found that in partic-
ular the modeled void network was somewhat different from the
measured one. Verboven et al. (2008) measured void fractions of
23.0 £4.0% for apple and 5.1 £ 1.5% for pear parenchyma, respec-
tively, on cubic sample sizes up to a few mm?>. The tessellation
algorithm yielded smaller apple parenchyma porosity and larger
pear parenchyma porosity. This can mainly be attributed to the
small sample size under consideration. We demonstrated before
the importance of a sufficiently large representative volume ele-
ment to calculate lumped properties such as void fraction (Men-
doza et al, 2007; Mebatsion et al, 2008a), based on
measurements. When the volume becomes too small, the void
fraction may deviate from the characteristic tissue value and the
standard deviation increases. Here we have demonstrated that
void fraction may increase (for the pear samples), or decrease
(for the apple samples) at too low a sample size.

In addition to size, connectivity of the voids is extremely impor-
tant for mass transfer. Connectivity determines the tortuosity of
the void channels, which are the main pathways for gas exchange.
Effective diffusivity is inversely proportional to the tortuosity of
the pathways and scales with void fraction (Datta, 2002). The
new geometry models support the hypothesis that differences in
effective diffusivity between fruits is related to tissue microstruc-
ture (Verboven et al., 2008; Ho et al., 2008). Here we have shown
that our tessellation correctly reproduces void connectivity differ-
ences between tissues. In addition, the models supply connectivity
values for the symplastic pathway.

Fruits are composed of different tissues (Verboven et al., 2008).
In particular, the skin layers are important for both mass transfer
and fruit mechanics. In this region cells are patterned in apple
without significant void fraction. In pear, smaller cells than cortex
cells are found, but the architecture is similar to the cortex with
limited void fraction. Both tissue structures should be reproducible
with the current method. In the pear cortex, we also find specific
stone cell structures, clustered small cells with thickened cell walls
that render the typical grainy texture of pears. Around these dead
structures, cells are extremely stretched during cell growth. The
tessellation method should be easily applied to such structures,
however, because the ellipsoid cell shapes are preserved. In the
core region of pears, and in throughout the cortex of apple, vascu-
lar bundles are present. The xylem vessels, mostly void after har-
vest, are surrounded by densely packed phloem cells. In
particular the vessels that are grouped in bundles of 10-30, will re-
quire a different modeling approach.

5. Conclusions and future direction

Ellipsoid tessellation of fruit cortex tissue produced cell archi-
tectures very similar to measured tissue structures of the pear



H.K. Mebatsion et al./Journal of Food Engineering 93 (2009) 141-148 147

Intra-cellular G concentration [mol /] Max: 0.411

X le4

04

Fig. 14. The oxygen concentration profile inside cells using finite element simulations (COMSOL multiphysics, Stockholm, Sweden). The oxygen transport was caused by the
partial pressure across the boundaries of the tissue. The partial pressure and concentration inside the tissue was related by the universal ideal gas law.

and apple cortex. The mathematical model that is used to generate
the tissue geometry is generic. Provided the spatio-statistical prop-
erties of the tissue are known, the method can be readily used to
produce virtual tissue models using the statistical distributions.
The resulting microstructural features composing the symplast,
cell walls and void space can be readily quantified and used in gen-
eral finite element software, without particular efforts. It is ex-
pected that most of the other fruit tissues can be readily
modeled by means of ellipsoid tessellation.

The geometric representation of the fruit microstructure is the
founding component of multiscale modeling of transport phenom-
ena and mechanical deformation of fruits (using microscale simula-
tions to investigate macroscale effects), and widens our knowledge
about fruit-environment interactions and the evolution of physio-
logical disorders such as wooliness in nectarines, hollow heart in
potatoes, water core in apples, spongy tissue in mango and core
break down and internal browning in pear tissue. Finally, the use
of these models will lead to improved cool room design and control.

Ellipsoid tessellation geometries can be used in finite element
simulations to study the transport mechanisms of gas and mois-
ture across the cells and inside intercellular spaces to have a clear
understanding of the physiological disorders inside a fruit tissue.
Fig. 14 shows the simulation of the oxygen profile inside the cells.
The result is meant to show the potential of the model geometry to
be used in finite element simulations.
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